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The adeno-associated virus (AAV) replication proteins Rep78 and Rep68 regulate viral gene expression and DNA amplifica-
tion. Their effects on both processes suggest that they play roles in all phases of the virus life cycle. We have investigated
Rep protein phosphorylation to determine if this modification might alter Rep function. All four Rep proteins were found to
be phosphorylated in AAV and adenovirus co-infected cell cultures, and Rep proteins contained phospho-serine whereas
no phospho-threonine or -tyrosine was detected. We also observed that when viral DNA synthesis was inhibited, there was
a significant decrease in the level of Rep78/68 phosphorylation. Our results suggest a plausible mechanism whereby AAV
Rep78/68 function may be regulated by phosphorylation. q 1997 Academic Press
INTRODUCTION (Beaton et al., 1989; Kyostio et al., 1994). It is not under-
stood how the Rep proteins regulate gene expression or
During the early stages of an adeno-associated virus if these events occur concurrently with, or independently
(AAV) and adenovirus (Ad) co-infection, single-stranded of, the terminal resolution step of viral DNA replication.
AAV genomes are converted to double-stranded tran- Posttranslational modification of viral early proteins is
scription templates. Within 10 hr of virus adsorption the a common mechanism by which their functions are regu-
AAV replication proteins Rep78 and Rep52 begin to accu- lated (Fanning and Knippers, 1992). Similar modifications
mulate (Redemann et al., 1989). Shortly after the appear- of the Rep proteins might regulate their dual roles in RNA
ance of the Rep proteins, viral replicative form (RF) DNA transcription and DNA replication. In this work we have
accumulates. Concurrent with RF DNA synthesis is the investigated the phosphorylation of AAV Rep proteins.
accumulation of viral structural proteins. Thus the AAV We have found that all four Rep proteins are phosphory-
replicative cycle can be divided into early and late lated on Ser residues and that Rep78 and Rep68 may be
phases with regard to viral protein and DNA synthesis. differentially phosphorylated during the AAV life cycle.
AAV Rep78 and Rep68 play roles in both early and late These observations should provide new insight into how
stages of the virus life cycle, mediating DNA synthesis these regulatory proteins perform their various functions.
and regulation of viral gene expression (reviewed in Mu-
zyczka, 1992). During DNA synthesis, Rep78 and Rep68
MATERIALS AND METHODSbind to the AAV terminal repeat sequences and make a
site-specific, strand-specific nick at the terminal resolu- Cells and viruses
tion site, at the junction of the A and D arms of the
Human 293 (adenovirus type 5 transformed human em-terminal repeat. Upon cleavage, the protein becomes co-
bryonic kidney) cells were grown in Eagle’s minimumvalently linked to a thymidine residue (Snyder et al.,
essential medium (MEM) supplemented with antibiotics1990). This event allows for resolution of the covalently
and 10% fetal bovine serum. All cells were maintainedclosed DNA terminus. After cleavage the Rep protein
as monolayer cultures at 377 in a 5% CO2 atmosphere.remains attached to the viral genome after the single-
Adenovirus type 2 and adeno-associated virus type 2strand AAV DNA is assembled into a preformed virion
were used at multiplicities of infection (m.o.i.) of 5 and(Prasad and Trempe, 1995).
50, respectively. Infections were carried out for 1 hr inOther Rep protein binding sites have been identified
serum-free MEM on cultures that were 70% confluent.in the AAV genome and they presumably affect the tran-
scriptional regulatory properties of Rep78 and Rep68
Cell radiolabeling and nuclear extraction(McCarty et al., 1994). These Rep proteins transactivate
capsid gene expression and repress their own synthesis Cells were labeled with 32Pi (orthophosphate) at 0.5
mCi/ml in phosphate-free MEM supplemented with 10%
dialyzed fetal bovine serum, between 15 and 20 hr after1 These authors contributed equally to this work.
infection. Labeling with [35S]methionine was carried out2 To whom reprint requests should be addressed. Fax: (419) 382-
7395. E-mail: trempe@gemini.mco.edu. at concentrations of 80–160 mCi/ml in methionine-free
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MEM supplemented with 10% dialyzed fetal bovine se- separated on 10% SDS–PAGE gels and electroblotted
onto PVDF membrane (Fisher Biotech). Rep proteinsrum between 15 and 20 hr after inoculation. Infected,
radiolabeled cell cultures were harvested and nuclei pre- were detected by immunoblot analyses and autoradiog-
raphy. Bands of interest were excised and proteinspared as described previously (Prasad and Trempe,
1995). Nuclei were suspended in 0.3 ml of IPP buffer bound to PVDF membranes were hydrolyzed with 6 N
HCl under a nitrogen atmosphere for 1 hr at 1107. Hydro-[50 mM Tris-Cl, pH 8.0, 150 mM NaCl, 20 mM ethylene-
diamine tetra-acetate (EDTA), 0.5% NP-40, 1.0 mM PMSF, lysates were dried and resuspended in 5 ml of distilled
H2O and spotted onto a cellulose thin-layer chromatogra-0.1 mM DTT, 0.1 mg/ml leupeptin, 0.1 mg/ml pepstatin,
and 0.1 mM benzamidin]. Nuclei were incubated in an phy plate (20 1 20 cm). Phospho-tyrosine, phospho-ser-
ine, and phospho-threonine standards (Sigma Chemicalice bath for 30 min, followed by centrifugation at 10,000
g for 10 min. The resulting supernatants were used as Co.) were spotted at the origin with a trace of phenol red
marker. Electrophoresis was performed in 88% formicnuclear extracts.
acid:glacial acetic acid:H2O (25:78:897), pH 1.9, at 1500
Antibodies, immunoprecipitation, and immunoblotting V until the phenol red marker migrated 6 cm from the
origin. The plate was then subjected to electrophoresis
Rep protein-specific antibodies were obtained from
at 1500 V in the same direction in glacial acetic acid:pyri-
rabbits immunized with a truncated Rep protein ex-
dine:H2O (50:5:945), pH 3.5, until the phenol red markerpressed in Escherichia coli (Trempe et al., 1987). Immu-
had migrated another 6 cm. The cellulose plate was
noprecipitations were carried out by first preadsorbing
dried, sprayed with a 1% solution of ninhydrin in acetone,
Rep antibodies to protein A–agarose beads (Pierce
and developed under a heat lamp to detect the position
Chemical Co.) for 1–2 hr at 47. One milliliter of nuclear
of phospho-amino acid standards. The plates were sub-
extract (equivalent to 105 nuclei) was pretreated with 30
jected to autoradiography against Kodak X-AR film.
ml of Immunoprecipitin (Gibco BRL) at 47 for 2–12 hr.
Antibody-adsorbed protein A–agarose beads and nu-
Phosphatase treatment of Rep proteins
clear extracts were mixed for 2–16 hr at 47. Beads were
pelleted at 500 g and washed three times with the indi- AAV and Ad co-infected cultures were labeled with 32P,
cated lysis buffers and once with 25 mM Tris–Cl, pH and Rep proteins were isolated by immunoprecipitation.
8.0, or with the desired buffers for subsequent enzyme Equal amounts of radiolabeled protein, in adjacent lanes,
digestion. Immunoprecipitates were extracted in SDS – were separated by SDS–PAGE and transferred to a nitro-
polyacrylamide gel electrophoresis (SDS–PAGE) sample cellulose membrane, and Rep proteins were identified
buffer by heating for 3 – 5 min at 1007 before electropho- with Rep antiserum followed by a second, alkaline phos-
resis. phatase-conjugated antibody. After color development
SDS–PAGE was performed as described by Laemmli individual lanes were cut out and incubated for 2 or 4 hr
(1970). Immunoprecipitates extracted in SDS–PAGE in a mixture of calf intestinal alkaline phosphatase (50
sample buffer were electrophoresed on 10% SDS–poly- U/ml), bacteriophage lambda phosphatase (200 U/ml),
acrylamide gels and electrophoretically transferred to ni- pepstatin (0.1 mg/ml), phenylmethylsulfonyl fluoride (1.0
trocellulose membranes using a dry-blot apparatus (USA mM), and leupeptin (0.1 mg/ml). After phosphatase treat-
Scientific Plastic) according to the manufacturer’s guide- ment the membrane strips were exposed to X-ray film.
lines. Membranes were soaked in blocking buffer (PBS
containing 5% dry milk) for 1–2 hr and then incubated RESULTS
with affinity-purified rabbit anti-Rep antibodies or rabbit
Phosphorylation of the AAV Rep proteinsanti-Cap antisera that were diluted 1:200 in PBS con-
taining 1% dry milk for 1 –2 hr at room temperature or
We have investigated the posttranslational modifica-
overnight at 47. After three 5-min washes with PBS con-
tion of the Rep proteins using in vivo, inorganic 32P label-
taining 0.05% Tween 20, the membranes were incubated
ing of AAV and Ad co-infected cultures. Human 293 cells
for 1 hr at room temperature with goat anti-rabbit immu-
were infected with AAV and Ad at a m.o.i. of 50 and 5,
noglobulin G coupled to alkaline phosphatase (Pierce)
respectively. Fifteen hours after initiation of infection, the
diluted 1:3000 with PBS containing 1% dry milk. After
cultures were radiolabeled with 400 mCi/ml of inorganic
three washes with PBS–Tween buffer, color was devel- 32P. Cultures were harvested 20 hr after infection and
oped using NBT and BCIP as suggested by the manufac-
nuclear extracts were prepared as described (Prasad
turer.
and Trempe, 1995). The extracts were immunoprecipi-
tated with anti-Rep antiserum and electrophoresedPhospho-amino acid analysis
through a 10% SDS–PAGE gel. The proteins were trans-
ferred to nitrocellulose membrane and detected by immu-Phospho-amino acid analyses were carried out as de-
scribed (Kamps, 1991). Immunoprecipitated, 32P-labeled noblotting with anti-Rep antiserum as previously de-
scribed (Prasad and Trempe, 1995). The membrane wasRep proteins from AAV and Ad co-infected cells were
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on both bands (Fig.1C and unpublished results). How-
ever, the slower migrating band of the doublets is more
heavily labeled with 32P.
The Rep proteins are phosphorylated on Ser residues
Phospho-amino acid analyses were performed to iden-
tify the modified amino acids. AAV and Ad co-infected
293 cells were radiolabeled with 32P, and Rep proteins
were immunoprecipitated with Rep antiserum, separated
by SDS–PAGE, and transferred to PVDF membrane . Rep
proteins were detected by immunoblot, excised from the
membrane, and subjected to phospho-amino acid hydro-
FIG. 1. Phosphatase analysis of the phosphorylated AAV Rep pro-
lysis (Kamps, 1991). The hydrolysates were electropho-teins. (A) 32P-labeled AAV Rep proteins were immunoprecipitated and
retically separated by thin-layer chromatography (Kamps,analyzed by SDS–PAGE and autoradiography as described in the text.
Lane 1, uninfected cells; lane 2, AAV and Ad co-infected cells. (B) 32P- 1991) and subjected to autoradiography. The radiola-
labeled AAV Rep proteins were transferred to nitrocellulose mem- beled spots were identified based on the migration of
branes after SDS–PAGE. After immunoblot analysis, individual lanes known standards for phospho-tyrosine, -threonine, and
containing equal amounts of Rep proteins were excised and incubated
-serine. The results of these analyses confirm Rep pro-in phosphatase buffer (lane 0) or in buffer containing bacteriophage
tein phosphorylation and reveal that all four proteins con-lambda and calf intestinal phosphatase for 2 or 4 hr (lanes 2h and 4h,
respectively). (C) The autoradiogram of panel B. tain phospho-serine residues (Fig. 2). We have yet to
detect phosphorylated tyrosine or threonine on Rep pro-
teins from AAV and Ad co-infected cells.also exposed to X-ray film to detect the radiolabeled
proteins. The autoradiogram of one such experiment is
Differential Rep protein phosphorylation in the
shown in Fig. 1A. Four proteins are detected on the auto-
absence of viral DNA synthesis
radiogram in the lane from AAV and Ad co-infected cells
(Fig. 1A, lane 2) and they align with the positions of the Phosphorylation of the Rep proteins may alter their
AAV Rep proteins on the immunoblot (data not shown). functions throughout the virus life cycle. To determine if
The heavily labeled band located above Rep78 is a Rep – phosphorylation is affected by perturbation of DNA syn-
DNA conjugate that disappears from the gel upon thesis, AAV and Ad co-infected cultures were incubated
nuclease treatment (Prasad and Trempe, 1995). We per- in 1 mM hydroxyurea (HU) 9 hr after the initiation of
formed phosphatase experiments to demonstrate that infection. Cultures were harvested 20 hr after the onset
these 32P-labeled proteins were bona fide phosphory-
lated proteins. AAV and Ad co-infected cultures were
labeled with 32P and Rep proteins were isolated by immu-
noprecipitation, separated by SDS–PAGE, and identified
by immunoblot analysis. After color development individ-
ual lanes were cut out and incubated for 2 or 4 hr in a
mixture of calf intestinal alkaline phosphatase and bacte-
riophage lambda phosphatase. After phosphatase treat-
ment the membrane strips were exposed to X-ray film.
Figure 1B shows the immunoblot of the membranes after
phosphatase treatment. All four Rep proteins were de-
tected and they did not decrease in amount as a result
of phosphatase treatment. However, in the autoradio-
gram of the immunoblot (Fig. 1C) it is apparent that upon
phosphatase treatment, the amount of phosphorylated
Rep78, Rep68, and Rep52 (lanes 2h and 4h) decreases
relative to the control lane (lane 0). Although Rep40 does
not appear to be phosphorylated in this figure, a longer FIG. 2. Phospho-amino acid analysis of the AAV Rep proteins. Radio-
labeled Rep proteins were isolated on nitrocellulose as described inexposure of the blot revealed that Rep40 was indeed
the text. Bands corresponding to the four Rep proteins were excisedphosphorylated and that phosphatase treatment re-
and subjected to amino acid hydrolysis and thin-layer chromatography.moved the radiolabeled phosphate (data not shown).
The locations of phospho-tyrosine (Y), phospho-threonine (T), and phos-
Thus the Rep proteins can be dephosphorylated by phos- pho-serine (S) are indicated and were identified by known standards.
phatase. Rep78 and Rep68 are present as doublets in The numbers 78, 68, 52, and 40 indicate the lanes containing the four
corresponding Rep proteins. Ori, origin of migration.the immunoblot and we have observed phosphorylation
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FIG. 5. Rep protein synthesis in the absence of viral DNA replication.
FIG. 3. HU inhibition of AAV DNA synthesis. Low-molecular-weight
Control and HU-treated, AAV and Ad co-infected cultures were labeled
viral DNA was isolated and analyzed by agarose gel electrophoresis
with [35S]Met, 15–20 hr after infection. Rep proteins were immunopre-
and Southern hybridization to a 32P-labeled AAV DNA probe. DNA sam-
cipitated from cell extracts and analyzed as described in the legend
ples were isolated from Ad-infected cultures (lane 1) or from Ad and
to Fig. 4 and the text. The immunoblot is shown in A and the autoradio-
AAV co-infected cultures incubated in the absence of HU (lane 2), in
gram is shown in B. Lane M contains an extract of AAV- and Ad-
the presence of HU from 9 to 20 hr after the start of infection (lane 3),
infected cultures to indicate the position of the four Rep proteins. Lane
or in the presence of HU from 9 to 15 hr of infection and harvested
1, Ad-infected cultures; lane 2, AAV and Ad co-infected cultures; lane
after 20 hr (lane 4). RFD , replicative form dimer; RFM , replicative form 3, AAV and Ad co-infected cultures harvested at 9 hr after infection;
monomer; ss, single-strand DNA.
lane 4, AAV and Ad co-infected cultures treated with HU from 9 to 20
hr and harvested at 20 hr. IgG indicates the position of the rabbit
immunoglobulin from the antiserum used for immunoprecipitation.of infection and Southern hybridization analysis of viral
DNA revealed that AAV DNA synthesis was inhibited by
HU (Fig. 3, lane 3). If the HU was removed from the autoradiogram of the immunoblot in Fig. 4A is shown in
culture medium at 15 hr after infection and the cultures Fig. 4B. The phosphorylated Rep78 band in Fig. 4B, lane
harvested at 20 hr, viral DNA synthesis resumed (Fig. 3, 1, overlaps perfectly with the top Rep78 band in Fig.
lane 4). This experiment was performed in the presence 4A, lane 1. Thus the slower band is the more heavily
of 32P between 15 and 20 hr after infection and Rep phosphorylated form of Rep78. It is clear that when viral
phosphorylation was analyzed by immunoprecipitation DNA synthesis is blocked, Rep78 and Rep68 are under-
and immunoblot as described above. In the absence of phosphorylated (Fig. 4B, lanes 2). Upon removal of HU,
HU treatment, two distinct Rep78 bands are present in phosphorylation of Rep68, and to a much lesser extent
similar amounts (Fig. 4A, lane 1), whereas in the pres- phosphorylation of Rep78, is restored. Neither Rep52 or
ence of the HU, or after HU removal, the faster migrating Rep40 phosphorylation is affected by HU and the inhibi-
Rep78 is more abundant (Fig. 4A, lanes 2 and 3). The tion of DNA synthesis.
The lack of 32P labeling of Rep 78 and Rep 68 in the
absence of DNA synthesis may be due to an inhibition
of Rep synthesis rather than an inhibition of phosphoryla-
tion. The Rep protein observed in Figs. 4A and 4B, lane
2, may already have been present in the cell prior to HU
treatment and Rep78 and Rep68 may not be synthesized
in the absence of DNA replication. To determine if Rep78
and Rep68 are synthesized when viral DNA replication is
blocked, control and HU-treated, AAV and Ad co-infected
cultures were labeled with [35S]Met 15–20 hr after the
initiation of infection. When control cultures were har-
vested 9 hr postinfection, prior to the addition of [35S]Met
and at the time of HU addition, there was no Rep protein
detectable by immunoblot (Fig. 5A, lane 3). However, allFIG. 4. Rep protein phosphorylation in the absence of viral DNA
four Rep proteins are synthesized in the presence of HUsynthesis. 32P-labeled AAV Rep proteins were immunoprecipitated and
analyzed by SDS–PAGE and autoradiography as described in the text. as indicated by the accumulation of Rep proteins in the
Immunoprecipitates came from cultures grown in the absence of HU immunoblot (Fig. 5A, lane 4) and the 35S-labeled Rep
(lane 1), in the presence of HU from 9 to 20 hr after infection (lane 2), proteins in the autoradiogram (Fig. 5B, lane 4). The more
or in the presence of HU from 9 to 15 hr (lane 3). (A) The immunoblot
rapidly migrating band is more abundant in the Rep78of the immunoprecipitation. (B) The autoradiogram of A. Lane M con-
and Rep68 doublets. This experiment demonstrates thattains an extract of AAV- and Ad-infected cultures to indicate the position
of the four Rep proteins. even though viral DNA synthesis is absent, all four Rep
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proteins are actively being synthesized, albeit at a lower extent in the absence of DNA synthesis, Ser 221 may be
one site of modification. However, there are 40 serinerate than normal. This experiment also demonstrates that
Rep78 and Rep68 phosphorylation is correlated with inhi- residues scattered throughout Rep78 and many are
found in canonical protein kinase sites. We are currentlybition of DNA synthesis rather than an inhibition of pro-
tein synthesis. mapping the sites of Rep protein phosphorylation to gain
insight into how they affect Rep protein function.
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